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Abstract:

Catalytic activity tests were run to elucidate the chemistry and catalyst stability for the
hydrodeoxygenation of glycerol and other aliphatic oxygenates over a NiMoSx/Al203
catalyst at different pretreatments at hydropyrolysis conditions in a continuous flow
reactor. Reactivity metrics were developed to quantify and compare the reactivity of NiMo
for deoxygenation, hydrogenation, and C-C cleavage. Activity experiments showed
sulfided NiMo and reduced NiMo catalysts had similar deoxygenation and hydrogenation
activity for glycerol HDO at 400°C and 270 psig Hz with the NiMoSx catalyst showing
higher C-C cleavage activity. Without a sulfur co-feed, both the NiMoSx and NiMoOx
catalysts lost >40% deoxygenation activity over 30 h time on stream. With a 2100 ppm
H2S co-feed the NiMoSx catalyst showed a 12 times decrease in the deactivation rate for
deoxygenation and 6 time decrease in the deactivation rate for hydrogenation. The main
products at high conversion were propylene, propane, ethylene, methane, CO, methanol,
ethanol, and 1-propanol. At low conversion, the major products were unsaturated allyl
alcohol, acrolein, hydroxyacetone, and acetaldehyde. With no H2S co-feed at short
contact times, there was a significant amount of carbon loss possibly due to condensation
reactions, while at 2100 ppm H2S in the feed, the carbon balance was 102.4%.
Temperature programmed oxidation of the spent NiMoSx catalysts after 30 h of glycerol
HDO without an Hz2S co-feed showed that one of the causes of deactivation was coking.
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1. Introduction:

Fast pyrolysis of lignocellulose is a process in which woody biomass is rapidly heated
and thermally depolymerized to form bio-oil. Efficient utilization of the bio-oil is challenging
as the poor fuel characteristics such as low-energy density (16-22MJ/kg), high water
content, and high acidity (pH<3) hinder its use in most liquid-fuel applications.[-?l The
produced bio-oil is also immiscible with conventional petroleum feedstocks and is
unstable, polymerizing during storage.’! Catalytic hydrodeoxygenation has been
proposed as a technology to remove the oxygen content and increase the fuel value of
bio-oil using traditional hydrotreating catalysts, NiMo and CoMo sulfides.-*! However,
these catalysts often deactivate by several proposed mechanisms including coking,
mineral deposition, phase change, and leaching.['®'?l In addition, fast pyrolysis of
biomass creates hundreds of different compounds including organic acids, alcohols,
furans, and large phenolic oligomers and hydrotreating of the resultant pyrolysis oil
produces hundreds of different hydrocarbons alkanes from C1 to C24.81 The complex
number of products makes understanding the basic chemistry that occurs during
hydrodeoxygenation difficult.

Similar biomass conversion technologies, called Hydropyrolysis, have been proposed
by Pindoria et al. and Marker et al.['*'4, They utilize sulfided NiMo and CoMo catalysts
during the first pyrolysis step in the presence of hydrogen. Marker et al. reported that the
Integrated Hydropyrolysis and Hydroconversion (IH?) was able to obtain yields up to 26
wt% C4+ on the 50 kg/day scale from maple wood biomass.['#-1% This technology is being
commercialized by Shell and Criterion with a 5 ton/day demonstration facility in
Bengaluru, India.['8] In this process, lignocellulosic biomass is pyrolyzed in a fluidized bed
reactor in the presence of a sulfided, molybdenum based hydrotreatment catalyst
followed by hydrotreatment in a secondary packed bed reactor. Figure 1 shows a
simplified representation of the hydropyrolysis process. The hydropyrolysis in the first
step allows for most of the oxygen to be removed before the reactive vapors can
oligomerize, effectively stabilizing the pyrolysis intermediates. The light gases produced
in this reaction are reformed to supply heat and generate the required hydrogen. Marker
et al. has reported that the sulfided catalyst remained stable for 750 h time-on stream

(TOS), with no information regarding a sulfur co-feed or any continuous regeneration.['+-
15, 17]
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Figure 1: The overall process for the hydropyrolysis of lignocellulosic biomass, displaying
the thermal depolymerization of biomass followed by the subsequent
hydrodeoxygenation of resulting vapors.

Several other groups have published studies on the hydropyrolysis of lignocellulosic
biomass in fluidized bed reactors using molybdenum based hydrotreatment catalysts.['8
211 Dayton et al. tested the hydropyrolysis of loblolly pine with a reduced NiMo/Al203
catalyst showing non-aqueous Cas+ yields as high as 24.1 wt% with an oxygen and
moisture content of 2.4 and 2.5 wt% respectively. The catalyst stability was tested by 10
sequential 90 min experiments followed by oxidation and reduction, showing no major
change in yield over these 10 experiments, yielding an average organic yield of 22.5 +
1.35 wt% with an oxygen content of 2.8 + 0.99 wt%.['®1 Stummann et al. tested the
hydropyrolysis of beech wood with sulfided NiMo/MgAI203 and CoMo/MgAl20s3 catalysts
at 450°C and 26 bar, with C4+ organic yields varying between 24.3 and 26.4 wt% with an
oxygen content of between 9.0 and 12 wt% on a dry basis. The stability of the catalysts
were not explicitly tested, but the carbon content on the spent catalysts ranged from 0.9
and 3.3 wt% with 2.4 wt% potassium on the surface of the catalyst.?’?! These empirical
studies have shown the promise of sulfided Mo catalysts for conversion of biomass, yet
few have reported fundamental studies on the hydrodeoxygenation of biomass with these
catalysts.

Density functional theory (DFT) studies by Kasiraju et al. have shown
hydrodeoxygenation (HDO) over a MoOs catalyst and hydrodesulphurization (HDS) over
a MoS: catalyst follow similar mechanisms.[?? It has been proposed that the active site of
a molybdenum based hydrotreatment catalyst is the vacancy of sulfur atoms on the
surface, with nickel or cobalt atoms promoting the activity of these catalysts by forming
bridge sites between the molybdenum and promoter atom at the edge.[?3 A sulfur vacancy
in the MoS2 phase is active for heteroatom removal, but is stabilized and promoted by
nickel or cobalt edge sites.?*?61 The main difference between the HDO and HDS
mechanisms is the removal of the remaining oxygen or sulfur respectively by hydrogen.[?2
Upon sulfiding, acid sites in the form of sulfhydryl groups can also form. Sulfur co-feeds
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such as H2S, dimethyldisulfide (DMDS), dimethylsulfoxide (DMSO), or other liquid
sulfiding agents are required during HDO to prevent removal of too much sulfur from the
bulk.[?4 271

HDO studies with model oxygenate studies show that the catalyst are stable when sulfur
is co-fed, but these studies have typically been carried out at bio-oil hydrotreatment
conditions (300°C and 200 bar) using oxygenate models with different effective
carbon/hydrogen ratios than pyrolysis vapors.[?8-32 The effective carbon/hydrogen ratio is
used to describe the difficulty of upgrading a feedstock through hydrotreatment and takes
into account the required hydrogen for hydrodeoxygenation.[®2-33 Dabros et al. carried out
HDO of ethylene glycol over NiMoSx, CoMoSx, and MoSx catalysts supported on MgAI203
at 400°C and 27 bar Hz2, showing a reduction of over half of the conversion after 70 h TOS
with a 550 ppm H2S co-feed. The stability of each catalyst was improved by increasing
the H2S co-feed from 550 to 2200 ppm. The catalysts also showed high C-C bond
cleavage with molar C2/C+ ratios ranging from 1.5-4.8. Through XAS studies and model
work, the improved stability was attributed to less exchange of the oxygen and sulfur on
the surface with higher partial pressure of H2S and the use of Ni and Co promoters.[?4]
Limited work has been done on the activity and stability of sulfided hydrotreatment
catalysts at hydropyrolysis conditions. Biomass hydropyrolysis consists of many
sequential and parallel C-C cleavage, hydrogenation, deoxygenation, and C-C coupling
steps. Saturated products are formed during this process by hydrotreatment,
deoxygenation and hydrogenation with lighter products formed by C-C bond cleavage.
Simple, but chemically similar model compounds must be used during model work to
understand the reaction chemistry of hydropyrolysis. Due to several reaction types
occurring during the HDO of polyoxygenates, more comprehensive metrics must be
developed and utilized to explore the activity and stability of hydrotreatment catalysts for
the hydropyrolysis of biomass.

The objective of this work was to measure the reaction rates of deoxygenation, C-C bond
cleavage, and hydrogenation for HDO of glycerol over reduced and sulfided NiMo/Al203
catalysts in a continuous flow reactor. During glycerol HDO, oxygen is removed,
hydrogen is added, and C-C bonds are cleaved forming a variety of deoxygenated
products as shown in Figure 2. These intermediates are similar to the products found
during cellulose pyrolysis, making glycerol a good model for the cellulose and
hemicellulose portion of biomass. Three conversions (all shown in Figure2) were
developed to compare catalyst activity for glycerol HDO including the deoxygenation,
hydrogenation and the C-C bond cleavage conversion. These metrics can be utilized in
further biomass conversion studies to quantify various reaction types in a complicated
reaction network. Glycerol has previously been used as a model to study the aqueous
phase reforming of sugars and sugar alcohols* and was chosen as the feedstock for
this study because it is thermally stable unlike pyrolysis oil or pyrolysis vapors. This work
helps identify the role of sulfur on catalyst stability for hydrotreating catalysts and the
mechanism of catalyst deactivation during HDO at hydropyrolysis conditions in a
continuous flow reactor.

This article is protected by copyright. All rights reserved.



ChemCatChem 10.1002/cctc.202001289

n 2 Vig
_ Zi (Vi'-c —Vi0)* Fiou . X1 Vie - (Viticerr —3) " Frow X (1 - T)Fiow
Kaeox = — ———F——— - 100% Xnydrog = - 100% Xee = — - 100%
gly.0 " Fgly.feed 2 Va0 Faiy feed 2 - Fyiy feea

0% 0% 0%

oH
H
[ \/K/ I
Ho oH
Ho\/l\/on HU\/k/OH

HO. OH
oH \/\\/

/\/0M NF

Pa

Increasing Deoxygenation
-]
Increasing Hydrogenation
Increasing C-C Cleavage
<_
o
//

AN P )\ T Cr's

I~ co
100% 100% S 100%

oy CHy

Figure 2: General scheme for glycerol HDO and the analysis used for measuring the
relative activity of deoxygenation, hydrogenation, and C-C cleavage.
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2. Results and Discussion
2.1. Glycerol HDO over NiMoSx and NiMoOx catalysts with varying HzS co-feeds

Figure 5 shows deoxygenation, hydrogenation, and C-C cleavage conversions along with
the product yields as a function of TOS for glycerol HDO over NiMoOx with no H2S in the
feed. The products are divided into three main categories: alkanes/alkenes, oxygenates,
and COx. The alkanes/alkenes consist of propane, propylene, ethane, ethylene, and
methane. The oxygenates consist mainly of 1-propanol, allyl alcohol, propionaldehyde,
acrolein, hydroxyacetone, acetaldehyde, ethanol, and methanol. The CO to CO:z2 ratio is
about4:1. At 3.3 h TOS, the deoxygenation, hydrogenation, and C-C cleavage conversion
are 82.5%, 62.9%, and 11.8% respectively. After 29.9 TOS these conversions all
decrease to 43.1%, 18.7%, and 8.9% respectively. The products at 3.3 h TOS are highly
deoxygenated and saturated compounds such as propane, propylene, and mono-
alcohols demonstrating that NiMoOx is an active catalytic material for deoxygenation. As
the catalyst deactivates, the extent of deoxygenation and hydrogenation is reduced and
the major products are oxygenated compounds such as propionaldehyde,
hydroxyacetone, and acrolein (Figure 5).

Figure 6 shows deoxygenation, hydrogenation, and C-C cleavage conversions along with
the product yields with time on stream for glycerol HDO over NiMoSx with no H2S in the
feed. At 3.3 h TOS, the deoxygenation and hydrogenation conversions are 70.2% and
42.3% respectively, lower than the values for HDO of glycerol over NiMoOx at the same
conditions. The deoxygenation and hydrogenation conversions decrease to 39.3% and
12.3% respectively after 28.7 h TOS. The initial C-C cleavage conversion is higher for
NiMoSx at 28.0% than NiMoOx at 11.8%. All products observed for glycerol HDO over
NiMoSx are observed while using NiMoOx. The major difference between these two
catalysts is the C-C cleavage activity, where NiMoOx produces 3.0% COx initially while
the NiMoSx produces 18.9% COx. Regeneration of the NiMoSx catalyst was attempted by
calcination up to 500°C and sulfiding following the procedure described in the
experimental section. After deactivating to 62.2% of the initial deoxygenation activity, only
82.2% of the initial activity was returned after the first regeneration and the catalyst
continued to deactivate quickly. A second regeneration resulted in only 63.1% of the initial
deoxygenation activity.
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Figure 3: Glycerol HDO over NiMoOx catalyst with no sulfur co-feed. Reaction conditions:
400°C, 270 psig, contact time of 360 s.
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Figure 4: Glycerol HDO over NiMoSx catalyst with no sulfur co-feed. Reaction conditions:
400°C, 270 psig, contact time of 360 s.

Hydrogen sulfide gas was introduced in the reaction feed by co-feeding a gas stream of
2% H2S in H2. The first data points for these experiments were taken at about 3 h TOS
as shown in Figure 7. The products when H2S was co-fed with the hydrogen were the
same as the products without an H2S co-feed. At 3.0 h TOS, the deoxygenation and
hydrogenation conversions are 82.7% and 72.5% respectively with a 2100 ppm H2S co-
feed, showing higher hydrogenation activity than glycerol HDO with NiMoSx catalyst
without an H2S co-feed. After 30.1 h TOS, the deoxygenation and hydrogenation
decrease to 78.1% and 57.9%, respectively. The initial C-C cleavage conversion is
22.3%, lower than the 28.0% observed with no H2S co-feed. The C-C cleavage increases
from 22.3% to 30.7% after 30.1 h TOS, in contrast to C-C cleavage decreasing over time
without H2S co-feed.
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Figure 5: Glycerol HDO over NiMoSx catalyst with 2100 ppm H2S co-feed. Reaction
conditions: 400°C, 270 psig, contact time of 360 s.

Table 2 shows the conversions, deactivation rate constants, and carbon yields for NiMoOx
and NiMoSx with varying H2S co-feeds. The glycerol conversion is 100% for each
experiment, but the deactivation rate constants were calculated from the deoxygenation,
hydrogenation, and C-C cleavage conversions. Catalyst activities were not measured at
low conversions, because at low glycerol conversion the unsaturated products condensed
and low carbon balances were obtained. Without a sulfur co-feed, the deactivation rate
constants for deoxygenation and hydrogenation for NiMoSx and NiMoOx are similar.
However, NiMoSx has a higher deactivation rate constant for C-C cleavage than NiMoOx.
When 700 and 2100 ppm H2S are added to the feed for NiMoSx catalyst the
deoxygenation and hydrogenation deactivation rate constants reduce from 2.12E-2 and
4.50E-2 h' (without H2S) to 1.3E-3 and 1.26E-2 h-' (with 700 ppm H2S) and 1.7E-3 and
7.6E-3 h' (with 2100 ppm H2S), respectively. The deoxygenation and hydrogenation
deactivation rate constants decreased by 10 and 5 times respectively when H2S was co-
fed with glycerol. The added HzS increased the C-C cleavage activity with time giving
negative C-C cleavage deactivation rate constants. This results in an increase in COx and
other C1/Cz2 products with time on stream. The H2S thus plays three roles in the reaction:
1) increases the deoxygenation and hydrogenation activity, 2) reduces initial C-C
cleavage and 3) increases the catalyst stability.
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Table 1: Glycerol HDO over NiMoOx and NiMoSx catalyst with varying H2S co-feed,
showing conversions and deactivation constants (). Reaction conditions: 400°C, 270
psig, 360 s contact time.

Catalyst NiMoO, NiMoS, NiMoS, NiMoS,
H2S (ppm) 0 0 700 2100
Conversion (%) 100 100 100 100
ToS (h) 3.0 3.3 29 3.0
Carbon Balance (%) 102.3 101.2 100.4 98.0
Deoxygenation (%) 82.5 70.2 77.4 82.7
Braeox (N')*10° 2.22 2.12 0.13 0.17
Hydrogenation (%) 62.9 42.3 58.8 72.5
Bunyarog (n")*10° 4.34 4.50 1.26 0.76
C-C Cleavage (%) 11.8 28.0 30.6 23.0
Bree (h)*10° 0.59 1.21 0.79 1.07
C3:C2:C1 1:0.17:0.12  1:0.33:0.42 1:0.45:0.49 1:0.35:0.31
Carbon Yield (%)

Alkanes/alkenes 72.4 59.5 74.3 80.2
Oxygenates 17.5 18.4 54 4.5
COx 5.3 18.9 18.0 12.1
Unidentified 7.0 4.4 2.0 1.2

2.2. Glycerol HDO at varying contact times

Figure 8 shows the product yields for glycerol HDO without H2S co-feed over the NiMoSx
catalyst with varying contact time. The deoxygenation and hydrogenation conversions
increase with contact time, resulting in increasing alkane/alkene yields with contact time.
Oxygenate yield appears to go through a maximum with contact time. C-C cleavage
increases with contact time with a resulting increase in COx yield. At a contact time of 360
s, the carbon balance was >98.0% with a fresh catalyst for all experiments. The products
from glycerol HDO at contact times of 3 and 45 s were dark brown, indicating the
formation of unidentifiable condensation products. At these same contact times the
reactor plugged after 8 h TOS. Because of this, stability studies were not run at contact
times of 3 and 45 s. A low carbon balance (80 % at 3 s) at lower contact time which may
be due to the formation of oxygenates oligomers that are not detected using the analytical
techniques in this study. These results highlight that the oxygenated intermediates
produced from glycerol (a thermally stable molecule) are thermally unstable and can form
oligomers during the reaction. This also complicates the identification of primary
products.

This article is protected by copyright. All rights reserved.
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Figure 6: Glycerol HDO over NiMoSx catalyst with no H2S co-feed, showing conversions
(a) and product yields (b) as a function of contact time. Reaction conditions: 400°C, 270
psig, contact times of 3-360 s, 3 h TOS.

Table 3 shows the product selectivities, normalized to 100%, for glycerol HDO over
NiMoSx at contact times varying from 3 to 360 s with no sulfur co-feed and at a contact
time of 3 s with a 2100 ppm H2S co-feed. The carbon balance for the 3 s contact time
with the 2100 ppm H2S was higher than the carbon balance without the H2S co-feed. The
selectivities at a contact time of 3 s without H2S are 24.6% allyl alcohol, 8.8%
hydroxyacetone, 7.3% acrolein, and a missing carbon selectivity of 34.8%. At a contact
time to 45 s the major product selectivities include 13.1% propionaldehyde, 11.9%
hydroxyacetone, 11.1% acrolein, 8.9% allyl alcohol, 7.1% acetaldehyde, and a missing
carbon selectivity of 17.4%. From 3 to 45 s, the hydrogenation conversion only slight
increases. At a contact time of 360 s, the major products are mostly alkanes/alkenes, COx,
and saturated oxygenates with no missing carbon. The “others” group consists of
condensation products such as ethers and acetals like 5-hydroxy-1,3-dioxane. At a
contact time of 3 s with an H2S co-feed of 2100 ppm the selectivities were 41.4% allyl
alcohol, 20.9% hydroxyacetone, 9.4% acrolein, 8.7% methanol, 7.7% propylene, 3.8%
acetaldehyde, and no missing carbon. At a short contact time, adding H2S to the co-feed
lowers the catalyst activity to deoxygenation, hydrogenation, and C-C cleavage while
mitigating the loss of carbon through condensation reactions. This decrease in activity is
likely due to inhibition by H2S .25 3% This result is in contrasts with the results at a contact
time of 360 s (Table 2) where the run at 2100 ppm H2S shows higher activity than the run
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at 0 ppm Hz2S. The higher activity with H2S at the longer contact time is likely due to the
improved stability of the catalysts with H2S.

Table 2: Glycerol HDO over NiMoSx catalyst, showing conversions, product selectivity,
and production rates with varying contact times. Reaction conditions: 400°C and 270

psig.

Contact time (s) 3 3 45 360 360
H2S (ppm) 2100 0 0 0 2100
Conversion (%) 5.5 492 76.0 100.0 100
Carbon Balance (%) 102.4 82.9 86.7 101.2 98.0
Deoxygenation (%) 4.2 15.6 31.4 70.2 82.7
Hydrogenation (%) 1.8 5.7 6.1 42.3 72.5
C-C Cleavage (%) 0.6 3.3 9.8 28.0 23.0
C3:C2:C1 1:0.06:0.08 1:0.06:0.09 1:0.15:0.17 1:0.33:0.42 1:0.35:0.31
Carbon Selectivity (%) [Production Rate (mmol Carbon h-')]

Alkanes/alkenes 8.8[0.2] 3.9[0.7] 8.7[2.6] 58.9[22.8] 80.2[31.0]
Propane 0.2[0.0] 0.0[0.0] 0.1[0.0] 16.5[6.4] 37.2[14 .4]
Propylene 7.7[0.2] 3.5[0.7] 5.1[1.5] 26.0[10.1] 16.3[6.3]
Ethane 0.0[0.0] 0.1[0.0] 0.4[0.1] 11.0[4.3] 16.9[6.5]
Ethylene 0.2[0.0] 0.1[0.0] 0.8[0.2] 1.9[0.7] 0.2[0.1]
Methane 0.6[0.0] 0.2[0.0] 0.3[0.1] 3.5[1.4] 1.8[0.7]
Oxygenates 91.1[1.9] 48.9[9.3] 57.6[17.0] 18.2[7.1] 4.5[1.7]
1-Propanol 0.0[0.0] 0.0[0.0] 0.1[0.0] 4.4[1.7] 1.5[0.6]
Allyl alcohol 41.4[0.9] 24.6[4.7] 8.9[2.6] 2.8[1.1] 0.3[0.1]
Propionaldehyde 2.4[0.1] 1.5[0.3] 13.1[3.9] 1.6[0.6] 0.0[0.0]
Acrolein 9.4[0.2] 7.3[1.4] 11.1[3.3] 0.1[0.0] 0.0[0.0]
Acetone 2.710.1] 1.7[0.3] 2.5[0.7] 3.3[1.3] 0.2[0.1]
Hydroxyacetone 20.9[0.4] 8.8[1.7] 11.9[3.5] 0.0[0.0] 0.0[0.0]
Ethanol 1.9[0.0] 0.0[0.0] 0.4[0.1] 4.1[1.6] 1.1[0.4]
Acetaldehyde 3.8[0.1] 2.9[0.6] 7.1[2.1] 0.9[0.3] 0.0[0.0]
Methanol 8.7[0.2] 2.1[0.4] 2.5[0.7] 1.0[0.4] 1.39[0.5]
Co, 0.0[0.0] 3.7[0.7] 7.9[2.3] 18.7[7.2] 12.1[4.7]
CoO 0.0[0.0] 2.0[0.4] 6.8[2.0] 17.1[6.6] 11.1[4.3]
Co, 0.0[0.0] 1.7[0.3] 1.1[0.3] 1.6[0.6] 1.0[0.4]
Others 0.2[0.0] 4.4[0.8] 5.7[1.7] 2.2[0.9] 1.2[0.5]
Missing 0.0[0.0] 34.8[6.6] 17.4[5.1] 0.0[0.0] 2.0[0.8]
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The proposed reaction pathway of glycerol HDO over a NiMoSx catalyst at hydropyrolysis
conditions is shown in Figure 9. Glycerol first undergoes dehydration to produce either
hydroxyacetone or 3-hydroxypropionaldehyde. Hydroxyacetone is observed as a major
product at short contact times while 3-hydroxypropionaldehyde is observed below 0.1%
carbon yields. These products can then be hydrogenated to produce 1,2 propanediol and
1,3 propanediol, respectively. 1,2 propanediol undergoes further dehydration forming
acetone or allyl alcohol. Similarly 3-hydroxypropionaldehyde undergoes dehydration
producing acrolein. Acrolein can then undergo hydrogenation to either propionaldehyde
or allyl alcohol. Further hydrogenation and dehydration produces isopropanol, 1-
propanol, propylene and propane. It is not clear when C-C cleavage occurs in this
reaction pathway, however, acetaldehyde, ethanol, ethylene, ethane, CO, CO2, methanol,
formaldehyde, and methane are all observed. C-C cleavage may occur through
hydrogenolysis of glycerol to form ethylene glycol or 2-hydroxyacetaldehyde.[6-371 At short
contact times, the major observed C2 product was acetaldehyde with low yields of
hydroxyacetaldehyde observed in some samples. Either acetaldehyde or
hydroxyacetaldehyde could be formed through multiple C-C cleavage pathways. Since
C2 and C1 are not observed in equimolar amounts, some C1 products must be formed
through C-C cleavage if C2 products. At longer contact times, the C2 products are mainly
ethanol, ethylene, and ethane. The Cs reaction pathway is less clear since the initial
deoxygenation step occurs at either the primary or the secondary alcohol to form
hydroxyacetone or 3-hydroxypropionaldehyde respectively. Hydroxyacetone is likely
formed through direct dehydration or through the initial formation of glyceraldehyde,
dehydration, and hydrogenation.®¢ 38 Hydroxyacetone was observed as a major product
at short contact times while 3-hydroxypropionaldehyde was only observed in small
(<0.1% yield) quantities. 3-hydroxypropionaldehyde likely rapidly deoxygenates to form
acrolein. Allyl alcohol was found to form selectively at a contact time of 3 s with and
without a sulfur co-feed. Allyl alcohol could be formed through the hydrodeoxygenation of
hydroxyacetone, the hydrodeoxygenation of hydroxypropionaldehyde, or the
hydrogenation of acrolein. Some studies have shown selective production of allyl alcohol
from glycerol claiming a hydrogen transfer mechanism where glycerol transfers hydrogen
to acrolein to form allyl alcohol selectively.?*41 Future research is needed to measure
the rates of these individual pathways but Figure 9 provides the general products and
suggested pathway from glycerol hydrodeoxygenation.
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DMSO can also be used as a sulfiding agent for laboratory studies for hydrotreating
catalysts.l?”l Table 4 shows the product comparison at 3 and 360 s contact times for
glycerol HDO with a DMSO co-feed, an H2S co-feed, and no Hz2S co-feed. DMSO is used
as a non-toxic sulfiding agent in hydrotreating reactions as it is converted to H2S, water,
and methane over a catalyst in a H2 atmosphere.[?”- 42 The DMSO experiments contained
enough DMSO to produce 2100 ppm H2S if all DMSO was converted into methane, water,
and Hz2S. At 360 s the carbon balances of no co-feed, H2S co-feed, and DMSO co-feed
all show high carbon balances. Co-feeding DMSO as a sulfiding agent resulted in a 4
times higher deoxygenation deactivation constant and a 2 times higher hydrogenation
deactivation constant compared with co-feeding Hz2S gas at 2100 ppm. At a short contact
time, DMSO as a co-feed resulted in a carbon balance of 59.2%. The major product was
acrolein, with only a small amount of allyl alcohol compared to the other experiments at
3 s. This low carbon balance was due to DMSO thermally decomposing into methyl-
mercaptan and formaldehyde and homogeneously reacting with glycerol and other
intermediates. This hypothesis was confirmed through an experiment with no catalyst at
the same conditions where the glycerol conversion was 52.3% with a carbon balance of
64.5%. These experiments show that HzS is required to study NiMoSx catalysts at low
conversion with oxygenated feeds.

This article is protected by copyright. All rights reserved.



ChemCatChem 10.1002/cctc.202001289

Table 3: Glycerol HDO over NiMoSx catalyst with and without sulfur co-feeds (2100 ppm
H2S equivalent), showing conversion and product yields with varying contact times.
Reaction conditions: 400°C, 270 psig, 72.5-80 wt% glycerol and 0-7.5% DMSO in water

Co-feed DMSO H2S gas None DMSO H2S gas None

Contact time (s) 3 3 3 360 360 360
Conversion (%) 57.5 5.5 49.2 100.0 100.0 100.0
Carbon Balance (%) 59.2 102.4 82.9 106.2 98.0 101.2
Deoxygenation (%) 5.3 4.2 15.6 88.2 82.7 70.2
Hydrogenation (%) 29 1.8 5.7 73.6 72.5 42.3
C-C Cleavage (%) 0.8 0.6 3.3 254 23.0 28.0
Brgeox (W')10° : - - 0.57 0.17 2.12
Binyarog (0107 - - - 1.28 0.76 4.50
Brce ()*10° . - - -0.36 1.07 1.21
C3:C2:C1 1:0.11:0.09 1:0.06:0.08 1:0.06:0.09  1:0.37:0.32 1:0.35:0.29 1:0.33:0.42
Carbon Yield (%)
Alkanes/alkenes 0.6 0.5 1.9 84.5 80.2 59.5
Propane 0.0 0.0 0.0 38.4 51.0 16.7
Propylene 0.1 0.4 1.7 20.0 5.4 26.3
Ethane 0.1 0.0 0.0 19.1 18.2 11.1
Ethylene 0.1 0.0 0.1 0.5 0.1 1.9
Methane 0.4 0.0 0.1 6.5 5.5 3.5
Oxygenates 7.8 6.8 23.2 6.4 4.5 18.4
1-Propanol 04 0.0 0.0 2.6 1.3 44
Allyl alcohol 0.3 23 121 0.0 0.1 2.9
Propionaldehyde 0.2 0.1 0.0 0.1 0.0 1.6
Acrolein 5.1 1.7 3.6 0.0 0.0 0.1
Acetone 0.2 0.7 0.8 0.3 0.6 3.3
Hydroxyacetone 0.8 1.4 4.3 0.0 0.0 0.0
Ethanol 0.0 0.1 0.0 34 2.0 4.2
Acetaldehyde 0.7 0.3 1.4 0.0 0.2 0.8
Methanol 0.1 0.5 1.0 0.0 0.3 1.0
Co, 0.1 0.0 1.8 13.1 12.1 18.9
CoO 0.1 0.0 0.9 12.2 11.5 17.3
Co, 0.0 0.0 0.8 0.9 0.6 1.6
Unidentified 8.2 0.6 2.2 2.2 1.2 2.2
Missing 40.8 0.0 19.9 0.0 2.0 0.0
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2.3Catalyst characterization

The BET surface areas and carbon content of fresh and spent catalysts after 30 h of
glycerol HDO are shown in Table 5. The carbon content was calculated based on
temperature programmed oxidation (TPO) and quantification of the resulting CO2 and CO
over time. The BET surface area of the fresh NiMoSx after sulfiding and passivation was
143.7 m?/g. The spent catalyst after glycerol HDO with no H2S co-feed had a BET surface
area of 60.4 m?/g with a carbon content of 23.45% while the spent catalyst from the
glycerol HDO experiment with 2100 ppm had a BET surface area of 81.2 m?/g with a
carbon content of 1.93%. The carbon content difference indicates the deactivation could
be largely caused by coking since the deactivation of NiMoSx was much higher with no
H2S co-feed than with 2100 ppm H2S. The coking could be occurring due to a phase
change on the catalyst surface caused by removal of sulfur from the MoSx basal plane.l?*
241 No bulk phase change was observed by XRD of the fresh and spent NiMoSx.

Figure 10 shows the results from TPO of the spent catalyst after 30 h TOS of
glycerol HDO with 0 ppm H2S co-fed. The sulfur was removed by 350°C while the carbon
was not removed until 500°C. The spent catalyst after 30 h TOS of glycerol HDO with
2100 ppm H2S co-feed showed 11% more SOz per gram catalyst during TPO than the
catalyst from the O ppm H2S run at the same reaction and TPO conditions. During cooling
of the spent catalyst after reaction, argon was flowed to remove any physisorbed H2S
from the catalyst surface. This may indicate that one deactivation mechanism of the
catalyst is loss of sulfur. Minor loss of sulfur and a large decrease in activity is consistent
with loss of sulfur from just the Ni-Mo-S edge sites.*3l After multiple glycerol HDO
reactions followed by three total regenerations through calcination and sulfiding, the
surface area of the NiMoSx/Al203 was 128.1 m?/g. This loss of surface area could be due
to sintering of the active NiMoSx planar structure manifested in a loss of surface area and
active Ni-Mo-S edge sites.[?# 4443 High temperature calcination may also cause a change
in the NiMoOx structure resulting in a less active NiMoSx catalyst upon sulfiding.[4¢!
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Table 4: Characterization of NiMoSx catalyst before and after Glycerol HDO run for 30 h
at a contact time of 360 s.

Catalyst BET Carbon
Surface (Wt%)
Area (m2/g)
Fresh NiMoS, 143.7 -
Spent NiMoS, (2100 ppm 81.2 1.93%
H,S)
Spent NiMoS, (0 ppm H,S) 60.4 23.45%
Regenerated NiMoSx 128.1 -
a)
El
E‘;
wnn

0 200 400 600 800 1000
Temperature (C°)

b)

* 0 ppm
* 2100 ppm

Signal (a.u.)

0 200 400 600 800 1000
Temperature (°C)

Figure 8: MS signal for a) 44 m/z (COz2) and b) 64 m/z (SOz2) during the temperature
programmed oxidation (TPO) of spent NiMoSx catalysts after 30 h of glycerol HDO with
a 0 and 2100 ppm co-feed at a contact time of 360 s. Conditions: 50 mL/min of 10% O2

in He at 1°C/min.
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3. Conclusions

Standard NiMo hydrotreating catalysts can catalyze several classes of reactions for
conversion of oxygenated biomass feedstocks including dehydration, C-C cleavage,
deoxygenation, and hydrogenation. The major products of glycerol hydrodeoxygenation
at short contact times were found to be unsaturated oxygenates including allyl alcohol,
acrolein, hydroxyacetone, and acetaldehyde. The major products at longer contact times
were alkanes/alkenes, COx, and saturated alcohols such as propylene, propane,
ethylene, methane, CO, methanol, ethanol, and 1-propanol. The initial rates of
deoxygenation and hydrogenation for glycerol were found to be lower for a NiMoSx
catalyst compared to the NiMoOx catalyst. The initial rate of C-C cleavage was higher for
the NiMoSx catalyst compared to the NiMoOx catalyst. The NiMoSx and NiMoOx catalyst
both deactivate at similar rates when no sulfur is added in the feed. The deactivation rate
constants decreases according to the following order: hydrogenation > deoxygenation >
C-C cleavage. The catalyst stability improves when sulfur is added to the feed as either
H2S or DMSO. DMSO decomposes and reacts homogeneously with glycerol to form
condensation products at short contact times resulting in a low carbon balance. Co-
feeding H2S during hydrodeoxygenation improved the stability of the deoxygenation and
hydrogenation activities up 12 and 6 times respectively, while the C-C cleavage
deactivation rate constant becomes negative, resulting in an increase in C-C cleavage
activity over time with an Hz2S co-feed. A major cause of deactivation is carbon deposition.
The carbon content of spent NiMoSx catalysts after 30 h of glycerol HDO with 0 and 2100
ppm H2S in the feed were 23.45 and 1.93 wt% respectively, resulting in BET surface area
reductions of 43.5% and 58.4% of the fresh NiMoSx catalyst surface. At a shorter contact
time, the activity of the NiMoSx catalyst was lower when 2100 ppm H2S was co-fed
compared to no sulfur co-feed, but resulted in a significantly improved carbon balance.
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4. Experimental Section:
Catalyst preparation:

A low NiMo catalyst supported on y-alumina from Albemarle Catalyst Company was
received in the oxide state and was used in either a reduced or sulfided state. The NiMoOx
catalyst was reduced under H2 flow at 270 psi and ramped at 1°C min' to the 400°C
reaction temperature prior to reaction. The NiMoSx catalyst was sulfided as instructed by
the catalyst vendor. The catalyst was pretreated in batches in a H2S/H2 atmosphere by
flowing 4 wt% dimethyl disulfide (DMDS) in heptane with an Eldex Optos Model 1 piston
pump at a WHSV of 2 h"' and H2 gas at a GHSV of 600 h-" while carefully ramping the
temperature a follows: hold for 3h at 25°C, ramp to 250°C over 7.5 h, hold for 8 h, ramp
to 320°C over 3.5 h, and hold for 6 h. Afterwards, the catalyst was cooled under argon
flow to room temperature where the sulfided catalyst was passivated with air before
removing from the reactor. Prior to every experiment with NiMoSx, the passivated catalyst
was heated at 1°C min-' and held at 400°C for 1 h with 4 wt% DMDS in heptane pumped
at a WHSV of >2 h"' and H2 gas at a GHSV of at least 600 h".

Catalyst characterization:

The spent catalysts were characterized via temperature-programmed oxidation (TPO)
using a Micrometrics AutoChem Il 2920 instrument equipped with a Cirrus 2 Quadrupole
Mass Spectrometer. During TPO, 50 mg of catalyst was loaded into a quartz u-tube and
dried for 2 h at 150°C with 50 mL min-' He flow. After cooling to room temperature, the
sample was heated at a rate of 10°C min-' to 700°C with 50 mL min' of 10% O2 in He.
The COz2, CO, and SOz were detected using mass spectrometry. The CO2 and CO were
calibrated to quantify the carbon from oxidation through integration. The surface area
before and after reaction was determined by the Brunauer-Emmett-Teller (BET) method
using a Micrometrics ASAP 2020 Plus instrument.

Experimental setup:

A fixed bed reactor was used to carry out gas phase glycerol hydrodeoxygenation (HDO)
as shown in Figure 9. Reactors were made with 4" in diameter and 0.014” wall thickness
316L stainless steel tubing. For a typical reaction, 130 mg of catalyst was placed in the
middle of a 10” long reactor between quartz wool and silica chips. The contact time
(reported in seconds) of the glycerol reactant flowrate (greed s') over the NiMo catalyst
(gcat) was varied by changing the catalyst amount. For experiments at a contact time of 3
s, the catalyst was diluted 50 times with 40-60 mesh crushed silica. Experiments with <
100 mg of catalyst used catalyst diluted with silica chips ground and sieved to the same
particle size as the NiMoSx/Al20s. A glycerol HDO experiment with only silica chips was
run and showed a carbon balance of 98.6% with no observed products. The catalyst was
pretreated prior to the run according to the conditions in the catalyst preparation section.
Once reaction conditions were met, the reaction was started by pumping 80% glycerol in
water via an Eldex Optos Model 1 piston pump and flowing a mixture of ultrahigh purity
(UHP) grade H2 (Airgas) and 2% H2S in Hz (Airgas) using two mass flow controllers
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(Brooks). Liquid samples were collected from a pressurized collection vessel cooled to
0°C about every 2 h after the start of a reaction. The first liquid sample is transient and is
not analyzed. The gas stream was sampled every 2 h, before every liquid sample. The
spent catalyst was cooled to ambient temperature, purged with ultrahigh purity (UHP)
grade Argon (Airgas) and passivated with air by flowing ultrahigh purity (UHP) grade air
(Airgas) at 50 mL min-! for 30 min prior to removal from the reactor. The partial pressures,
temperature and contact times used in this study are shown in Table 1 and are similar to
those used in the IH2 process.['*15 471 The total pressure was constant across all
experiments, while the ranges of partial pressures shown vary due to differences in the
conversion of glycerol, formation of water, H2 consumption, and the amount of H2S fed.

& |
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to vent

bubble
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: =
G — ) ®
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to GC <—@—

gas bag
Legend 7‘?

® ball valve condenser

b needle valve X

0 check valve

Q pressure gauge O

= pressure regulator pump

Figure 9: A simplified schematic of the packed bed flow reactor used for the
continuously fed hydrodeoxygenation of glycerol at hydropyrolysis conditions.
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Table 5: The process conditions for the hydrodeoxygenation (HDO) of glycerol at
hydropyrolysis conditions.

Process Condition

Temperature (°C) 400
Pressure (psig) 270
Hydrogen pressure (psi) 263-278
Water pressure (psi) 3-14
H2S pressure (psi) 0.0-0.6
Glycerol pressure (psi) 0-3
Gas residence time (s) 1

Product analysis:

Gas samples were analyzed by an online Shimadzu GC-2014 instrument equipped with
a sample loop and both a thermal conductivity detector (TCD) and flame ionization
detector (FID). The TCD detector was used to quantify CO and COz2 while the FID detector
was used to quantify C1-C3 hydrocarbons and oxygenates. Permanent gases were
identified and calibrated with triplicate single point calibration using SCOTTY specialty
gas mixtures. Volatile oxygenates were identified by gas bag injection and quantified
using the effective carbon number (ECN) and their respective carbon number alkane.
samples were diluted by 8 times in water and by 5 times in tetrahydrofuran (THF) before
analysis.[*8] Liquid samples were identified using a Shimadzu GC-2010 instrument with a
RTX-VMS column equipped with a Shimadzu GCMS-QP2010 mass spectrometer and
quantified using a Shimadzu GC-2010 instrument equipped with a FID and RTX-VMS
column.

The conversion of glycerol, X,;,, was calculated according to Equation 1 where Fy;y, feeq
is the molar flow rate of glycerol into the reactor and Fy;y ;04 is the molar flow rate of
glycerol out of the reactor. The carbon yield of any product i, Y;, is described in Equation
2 where v; ¢ is the number of carbon atoms in product i and F; ,,,; is the molar flow rate
of product i. The carbon balance, Y.z, is described in Equation 3 which is calculated
based on the total carbon fed into the system as glycerol and the gas and liquid products
measured by GC-FID, where n, is the total number of products. Due to experimental error,
a carbon balance slightly above 100% is not uncommon. We have introduced a variety of
other conversions to analyze the complex products that are occurring in this reaction. The
deoxygenation conversion, X.., iS described in Equation 4 and is a molar conversion
of C-O bonds cleaved in glycerol based on the observed gas and liquid products where
V; o is the number of oxygen atoms in the product. The deoxygenation metric ranges from
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0 to 100%, where 100% deoxygenation would indicate that 100% of the C-O bonds in
glycerol were cleaved, resulting in a carbon yield of 100% alkane/alkene products. The
hydrogenation conversion, X404, is described in Equation 5 and is a molar conversion
of hydrogenations based on the amount of hydrogen in the observed gas and liquid
products and the number hydrogenation events required to convert glycerol to propane.
v; i is the number hydrogen atoms in product i and v, 4 is the number of hydrogen atoms
in glycerol. This metric ranges from 0 to 166.6 %, where 100% hydrogenation conversion
indicates glycerol being converted to water and propane, and 166.6% hydrogenation
indicates glycerol being converted to water and methane. The C-C cleavage conversion,
Xcc, is described in Equation 6 which is a molar conversion of C-C bonds in glycerol
based on the observed gas and liquid products. This metric ranged from 0 to 100%, where
100% C-C cleavage conversion indicates 100% of the C-C bonds in glycerol were cleaved
to form all C1 products.

F -F
Xgly — gly.feed”V'gly,prod 100% (1)
Fgly,feed
; — i,C iout | 100% (2)
3'Fgly,feed
nv. F
YCBal — Zl i,C'l'i,out . 100% (3)
3'Fgly,feed
Ny —v: A)F:
Xdeox — Zl( i,C l,O) Lout | 100% (4)
3'Fgly,feed
¥ _ P 0~5'Vi,C'(Vi,H:Ceff_g)'Fi,out 100% (5)
—_ - 0
hydrog 3F g1y feed
Vic
I A-—OF,
Xcc =2 37 W% . 100% (6)

2'Fgly,feed

The rate of deactivation was approximated with first order deactivation kinetics, described
by Equation 7, where f, ; is the first order deactivation constant and a; is the conversion

at time, t, relative to the initial conversion. j denotes the type of activity: deoxygenation,
hydrogenation, or C-C cleavage. The coefficient of determination (R?) was >0.95 for all
calculated (3 values.

In(a;) = =Byt (7)
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Both NiMoOx/Al203 and NiMoSx/Al203 form reactive intermediates over a short contact
time followed by subsequent stabilization through deoxygenation and hydrogenation
reactions. NiMoSx/Al203 loses >50% of its deoxygenation and hydrogenation activity
over 30h with no sulfur co-feed, with a 12 and 6 times improvement in deoxygenation
and hydrogenation stability with a 2100 ppm H2S co-feed.

Keywords: biomass, green chemistry, hydrodeoxygenation, hydropyrolysis,
molybdenum sulfide
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